Abstract-Some microobjects can concentrate an incoming incident plane wave and produce the socalled photonic nanojets. The highly focused emerging beams have a high intensity and can be used in applications in microscopy, beam manipulation and imaging. In this article, it is shown that an adequate choice of geometric shape and material can lead to an improvement of the electric field enhancement capacity of nanojets by a factor of 40%.
INTRODUCTION
Lasers have different sizes and shapes: from bulk lasers to tiny integrated nano-lasers, these devices have revolutionized the way we handle information, materials and physical and chemical variables. In order to produce very tiny lasers, different techniques have been used in the past, such as total internal reflection in high refractive index contrast structures [1] [2] [3] [4] , photonic bandgap effect [5] [6] [7] [8] [9] and the excitation of plasmonic waves [10] [11] [12] [13] . In general, high refractive index contrast lasers emit power in the range of microwatts to a few milliwatts, while photonic crystal lasers emit power in the range of picowatts to microwatts (in general, photonic crystal band-edge [7] and surface emitting lasers [9] emit significantly more power than single-defect lasers) and plasmonic lasers emit nanowatts optical power. If higher power is needed, bulk or fiber lasers [14, 15] needs to be used to drive optical devices.
On the other hand, although optical fiber passive devices [16] [17] [18] [19] [20] [21] can handle higher power, they do not offer much flexibility and occupy a large physical volume. If additional functionalities need to be added to a system, a better approach is to process the laser signals by using integrated optical devices. However, free-space and optical fibers remain attractive to transport signals at very high speed over medium and long distances (e.g., from one computer board to another): thereby there is a necessity of coupling light in and out from integrated optical devices to optical fibers and/or free-space. In addition to optical communications and computer applications, light coming from a bulk laser needs to be focused into very small spots in high resolution microscopy and nano-patterning applications.
There are different ways to couple light from free-space/optical fiber into integrated circuits by using, for example, grating couplers [22] or micro-objects (micro-cylinders) to create the so-called photonic nanojets [23] . Nanojets are subwavelength tightly focused electromagnetic beams that emerge from a micro-object when it is illuminated by a plane wave -the so-called nanojets have been observed at optical [24] and microwave [25] frequencies. At optical frequencies, the spot-size diameters of nanojets range between 200 and 500 nm [26, 27] and are the result of multiple scattering [28] in the microobject. The position and polarization of the incident beam can control the position and size of photonic nanojets [29] . Besides applications in coupling light into integrated optical circuits and microscopy, nanojets could be used in two-photon fluorescence enhancement, maskless nano-patterning, detection of nano-particles, optical trapping and data storage. Another potential application of nanojets is the enhancement of Raman scattering [30] with enhancement factors in the order of 10000, being potentially used to any material. However, it should be mentioned that plasmonic devices can lead to enhancement of Raman scattering by factors above 1 million [31] [32] [33] [34] .
In a recent paper, Ju and coworkers [35] have placed a metal below a microcylinder and excited surface plasmon polaritons from a plane wave. The addition of the metal improved the electric field enhancement factor of the structure and, by physically changing the thickness of the microdisk, some of the properties of the nanojet could be controlled. In this article, we study how different geometric micro-objects affect plasmonic nanojets: it is shown that certain shapes (e.g., linear shape) can lead to higher electric field enhancement in plasmonic nanojets. We also show that the choice of metal underneath the microobject strongly influences the electric field enhancement factor.
CYLINDRICAL, HYBRID LINEAR AND HYBRID PARABOLIC DIELCTRIC CONCENTRATORS WITH DIFFERENT METALIC LAYERS BELOW THE COLLIMATOR
Figures 1(a)-(c) show the basic structures that will be analyzed in this article: a standard microdisk, a hybrid linear-microdisk shape and a hybrid microdisk-parabolic shape. The substrate and the dielectric concentrators (e.g., microcylinder or microdisk as shown in Figure 1 (a)) are assumed to be made of quartz. A metallic layer of thickness of 100 nm is placed below the dielectric concentrators. In order to study the effects of different metals on nanojets, three common metals are chosen: gold, silver and aluminium. Starting from the basic micro-cylindrical structure, we change the reference cylindrical shape (Figure 1(a) ) to a hybrid cylindrical-linear ( Figure 1(b) ) and a hybrid cylindrical-parabolic shape ( Figure 1(c) ). In order to simplify the notation, we call a hybrid semi-cylindrical/semi-linear and a semi-cylindrical/semi-parabolic just as hybrid linear and hybrid parabolic, respectively.
The incident wave is assumed to be a plane wave propagating along the +x direction (coordinate system shown in Figures 1(a), 1(b) and 1(c)) and air is the surrounding the whole structure. Commercial three dimensional (3D) Finite Difference Time Domain (FDTD) software (RSOFT FULLWAVE ) is used to analyze the basic properties of the structures [36] . The grid sizes of the metallic regions are chosen as Δx = Δy = Δz = 5 nm, while the grid sizes in the dielectric layers are chosen as Δx = Δy = Δz = 30 nm. The time step is chosen to be well below the stability limit to avoid divergence of the FDTD code: in our case, Δt = 6.67 × 10 −18 s. The computational area is terminated by Perfectly Matching Layers (PML) and the metallic region does not reach the PML to avoid computational instabilities in the FDTD code, although special PMLs could be constructed for metallic and dispersive materials [37] . In this simulation, the refractive index of quartz is chosen as 1.54 while metals are modeled as dispersive materials with relative electric permittivity described as [36] ,
where a m , b m , c m and Δε m are coefficients that are built-in in software material library [36] , and ω F W = 2π/λ 0 is the Fullwave computational frequency with λ 0 being the free-space wavelength in units of µm. The values of the coefficients can be found in the RSOFT Fullwave manual [36] . Since the metallic layer covers a significant area in the x-y plane, the incident electric field is assumed to be polarized along the vertical direction (E y ) while the incident plane wave is propagating along the +x direction, allowing the excitation of plasmonic waves [38] . Electric field monitors are placed close to the source and at the 'end' of the structures to assess the electric field enhancement factor. The electric field enhancement factor is calculated as,
where E inc is the magnitude of the incident electric field of the plane wave and E tip is the magnitude of the electric field at the 'end' of the concentrator (where it reaches a maximum value) and close to the metallic surface.
RESULTS AND DISCUSSIONS
The structures are designed to work at the free-space wavelength (λ) of 850 nm. An initial reference microdisk concentrator on top of a gold sheet is optimized to work at 850 nm, as shown in Figure 1 (a). The optimized parameters are R = 3.05 µm, T = 1.0 µm. The electric field enhancement factor is about 4.95 (intensity enhancement of about 24.5). It should be mentioned that some software packages such as RSOFT Fullwave [36] provide readings of the square of the electric field (|E| 2 ) instead of the magnitude of the electric field which can lead to erroneous interpretation of results. Next, the front semi-circle is changed to linear (as shown in Figure 1(b) ) and parabolic shapes (as shown in Figure 1 Figure 3 ) and thickness (T ). In addition to that, the effect of three different metals (gold, silver and aluminium) is also analyzed, with main results summarized in Table 1 . The effects of the geometrical shape on F enh are examined for a gold film: it is clear that a hybrid linear structure gives the highest electric field enhancement when compared with the cylindrical or hybrid parabolic shapes. Although in some applications (e.g., coupling to waveguide [7] ), parabolic tapers provide better tapering of the incident wave into a smaller area, the round shape at the end of the taper (as seen in Figure 2(c) ) may lead to a larger spot-size diameter at the exit of the micro-object and, consequently, to a lower electric field enhancement as shown in Table 1 . On the other hand, the hybrid linear concentrator can better localize the incident light at the end of the linear taper (lightning rod effect) as can be observed in Figure 2 (a) but the localized light quickly diverges as it propagates along the surface of the metal. As reference, the electric field profile of a cylindrical structure is shown in Figure 2 (b) -it can be seen that light emerging from the cylinder remains collimated over some distance. A similar conclusion can be drawn for the hybrid parabolic concentrator. The hybrid linear shape provides an improvement in F enh ranging from 5% to 11% (or 11% to 23% increase in intensity) A more dramatic change occurs when the metal is changed from gold to either silver or aluminium. The electric field enhancement, when silver is used, increases by 10% to 20% when compared with gold and can be attributed to the lower losses in silver [39] -however, silver can easily oxidize when exposed to air. The poor performance of aluminium is explained by its higher losses at 850 nm -its absorption coefficient is significantly higher than gold and silver. If silver and a hybrid linear structure are used, an overall improvement of 40% in F enh over a cylindrical gold structure is achieved.
(c)) with length L ≥ R (smaller values of L lead to lower values of F enh ). There is no significant improvement of F enh by changing the length (L) (as shown in
The effect of changing the length (L) on the electric field enhancement factor (F enh ) is shown in Figure 3 : in both hybrid linear and parabolic, the electric field enhancement factors reach a maximum in the region between 3.0 µm and 3.15 µm (maximum values of 6.2 and 5.4 for the hybrid linear and parabolic structures, respectively). It might be expected that, at larger values of L, F enh would be larger but that is not the case: as light propagates through the taper, there is always some amount of light being radiated -very long tapers may lose too much power through radiation before light reaches the end of the taper. Figure 4 shows the electric field enhancement factor (F enh ) as a function of the wavelength for cylindrical (green solid curve with square markers), hybrid linear (black solid curve) and hybrid parabolic (red dashed curve) dielectric concentrators such a way that the dielectric concentrators are placed on top of silver. Since the production of nanojets is a result of multiple scattering inside the dielectric concentrator, it would be expected that the electric field enhancement factor (F enh ) to be dependent upon the wavelength: this can be observed in the oscillations in the curves for silver (Figure 4) . F enh reaches maxima at 830 nm and 870 nm what can be partially attributed to the higher plasma frequency of silver. The electric field enhancement factors (F enh ) at λ = 850 nm are 5.95, 5.28 and 5.43 for hybrid linear, cylindrical and hybrid parabolic structures, respectively. The maximum values found in Table 1 for silver do not occur at λ = 850 nm, as can be observed in Figure 4 . The hybrid linear (black solid curve) provides higher enhancement than hybrid parabolic and cylindrical dielectric concentrators because of the smaller field diameter at the edge (lightning rod effect) of the hybrid linear dielectric concentrator.
It is true that a linear taper with a sharp edge cannot be fabricated in practice; thereby we studied the effect of a finite width at the end of the linear taper. Figures 5(a) and (b) show the electric field profile in the x-z plane at 850 nm for hybrid linear structure with the linear taper of 50 nm and 100 nm, respectively. For a finite width of the linear taper changing from 0 nm to 100 nm and, for the same linear taper length, F enh changes from 6.2 to 6.5 -meaning that actually a taper not ending into a sharp edge can provide a larger electric field enhancement. Tens of nanometers features can be fabricated by using electron beam lithography and reactive ion etching systems.
In summary, plasmonic nanojets are studied for three different types of dielectric concentrators: cylindrical, hybrid linear and hybrid parabolic. The hybrid linear produces the highest electric field enhancement factor (edge effect) but at the expense of a divergent exit beam. The effects of different metals on the performance of nanojets: the lower are the metal losses, the higher is the electric field enhancement factor -thereby it is fair to say that silver works significantly better than aluminium in this type of application.
(a) (b) Figure 5 . Electric field distribution in the x-z plane at 850 nm for hybrid linear collimator on top of a silver metallic layer with linear taper of (a) 50 nm and (b) 100 nm.
CONCLUSIONS
In this article, it is shown that a hybrid linear geometry can improve the electric field enhancement of plasmonic nanojets and, in addition to that, the losses in the metal play a major role in the performance of the device -in this aspect, silver works better than gold and aluminium because of its lower losses. Finally, an overall improvement of 40% in electric field enhancement factor (F enh ) over a cylindrical gold structure is achieved by using silver and a hybrid linear structure.
